Abstract. To analyze the catalytic properties of heat shield materials of space vehicles a cluster model of oxygen atom adsorption on Al 2 O 3 surface is constructed using density functional theory. The potential energy surface (PES) as a function of orientation of the O atom with this cluster is calculated. It was found that there are number of important PES features that will allow for description of heterogeneous catalytic processes using the application of molecular dynamics methods. Using the quasiclassical approach for modeling of heterogeneous recombination of oxygen atoms on the surface of a cluster the EleyRideal mechanism was studied by molecular dynamics methods. Modeling results revealed that for the correct description of such processes, the PES has to be calculated by taking into account the internal relaxation of a portion of the top cluster layers.
INTRODUCTION
To calculate the heat loads and predict the life-time of reusable heat shields it is necessary to have basic information on the processes of thermochemical interactions between dissociated air and heat shield materials. The most important processes are catalytic atom recombination. The heat fluxes to surfaces with different catalytic properties can differ by several factors. Despite the fact that since in the fifties [1] it was well known that heterogeneous atom recombination significantly affects heat transfer at hypersonic flight velocities, the mechanisms and rates of the processes which determine the interaction between the gas and the surface have been much less closely studied than the kinetics and the homogeneous chemical reaction rates. The complexity of the problem of determining the catalytic properties of the surface is associated with the fact that even at room temperatures there is no direct method of measuring the recombination coefficients γ i and chemical energy accommodation β i . These processes depend both on the external factors, namely, the degree of dissociation in the flow, diffusion and gas-phase atom recombination in the boundary layer, and on the properties of the surface itself. Therefore, the experimental data obtained by different authors differ sharply. These data can be correctly interpreted and the aerodynamic heating along the entire atmospheric re-entry trajectory investigated only if the mechanism of heterogeneous catalytic reactions and rate coefficients of elementary steps on the heat shield coatings is fully taken into account and sufficiently complete models of the physicochemical processes in the gas phase are used.
The conventional approach used to describe and understand heterogeneous catalysis has so far relied on kinetics or phenomenological models [2] . Such models lend themselves to faster and relatively inexpensive application in the CFD codes that calculate heat fluxes to space vehicles. In fact, these models are based on, or depend on, insufficiently accurate experimental or theoretical data. Many parameters inside phenomenological catalytic models are not wellknown; for example, the sticking coefficients or the activation barriers of postulated surface reactions. The parameters of these models are usually derived by fitting the outcome of simulations to experimental data. The values of the parameters significantly depend on the chosen mechanism of heterogeneous recombination. For a chosen mechanism the differences in values are attributable to the fact that in the general case the solution of the multi-parameter inverse problem is non-unique. In other words, we do not accurately know the heterogeneous catalytic mechanisms and their associated Arrhenius coefficients for elementary surface reactions.
In this context a radical suggestion is to start modelling catalysis from first principles (ab initio calculations), on as much as is computationally practical. Ab initio methods solve the quantum mechanical equations which govern the behaviour of a system and the only information which must be provided are the atomic numbers and positions of the atoms within the system. In recent years there has been great effort to increase the accuracy of quantum mechanical calculations of chemical systems. Ab initio approaches are indeed promising, but there is plenty of room for further research if they must be applied to heterogeneous catalysis. For this reason, the choice of an ab initio approach to describe realistically catalytic recombination is a major investment of resources.
Molecular dynamics (MD) models are useful for understanding the surface chemical reactions from a molecular point of view. A "MD Trajectory" software complex was developed to investigate both Eley-Rideal and LangmuirHinshelwood mechanisms of heterogeneous recombination. The "MD Trajectory" was tested on the supercomputer clusters of Moscow State University and Russian Academy of Sciences and very high efficiency was achieved. Calculations of heterogeneous recombination of O atoms on the Si-based surface (SiO 2 and SiC) in the Eley-Rideal reactions were conducted and a satisfactory fit with other authors' results and experimental data were obtained [3] . Thus, the software complex "MD Trajectory" is a rather powerful tool for investigation of chemical reaction by the quasi-classical trajectory method especially for experimental conditions that are difficult to achieve. This paper is devoted to modelling of adsorption and heterogeneous recombination processes of oxygen atoms on the Al 2 O 3 surface on the basis of the Density Functional Theory (DFT) [4, 5] and MD method.
PES CALCULATION METHODOLOGY
The potential energy surface corresponding to the orientationally interaction dependence of the O( 3 P) atom with the Al 4 O 6 cluster modeling the -Al 2 O 3 crystal surface is calculated using the GAUSSIAN98 computer code [8] . Molecular constants of O 2 , AlO and Al 2 molecules in the ground electronic state calculated by the B3LYP method with various basis sets are represented in the Table 1 . Experimental data are also included here for comparative analysis with the results obtained [9] .
As we can see from this In the description of valence electrons, the basis 6-31G* matches the two-exponential basis (two basis functions per atomic orbital (AO)) with the inclusion of the external polarisation d-type functions on O and Al atoms. AO of the each core electron is presented by one basis function. The basis set 6-31G* possesses more completeness in comparison with basis sets 6-31G and 6-31+G, which do not include the polarisation d-functions. From Table 1 it follows the equilibrium internuclear distances, calculated with the 6-31G* basis set differ from the experimental values by no more, than on 0.04 Å, and the harmonic vibrational frequencies agree with their experimental values within 8%. The mean error for the dissociation energy in the AlO molecule is calculated with the basis set 6-31G* to be 0.3 eV. This error can be reduced to 0.2 eV, by adding to basis set 6-31G* one diffusive function of s-and p-types per each atomic centers, i.e. transforming to the basis set 6-31+G*.
The difference in 0.1 eV is observed also for the adsorption energy of the O( 3 P)-Al 4 O 6 complex (C 3v -symmetry) with the use of basis sets 6-31G* and 6-31+G* (Tab.2). However the increase in computer time to achieve a more accurate PES is about a factor of two because the number of basis functions for the O-Al 4 O 6 system increases from 181 to 225. Therefore in all our PES calculations of oxygen interaction with Al 4 O 6 cluster the Pople 6-31G* basis set has been chosen as the optimum tradeoff between the accuracy of the PES description and computer time expenses. 
RESULTS AND DISCUSSIONS
Chemisorption is a process of formation of chemical bonds between an adsorbate (atom, molecule) and an adsorbent (for example, a solid body surface). Cluster approaches are most effective for the description of local interactions at the chemisorption because the formation of chemical bonds is determined by a short-range forces. A cluster is a small fragment of the crystal lattice of the solid body, including a finite number atoms of the external surface layer and layers close to the surface. In the framework of such approach the restricted size of the molecular system allows quantum mechanics methods to be used effectively.
In our case the crystal surface α atoms were optimized at the given R, θ and ϕ coordinates of adsorbed atom O ( 3 P) (Fig.1a) . Such a model takes account the relaxation caused by the interaction of the surface monolayers with the adsorbate. Our calculations show the importance of the structural relaxation processes for surface atoms. As the O ( 3 P) atom approaches the surface up to the equilibrium distance R e = 1.77Å in the normal direction (θ = 0 • ) (Fig.2) , the distance between the upper planes of O and Al atoms (Fig.1a) increases more than 70% and the relaxation energy contribution to the adsorption energy, E a = 1.8 eV, is 30% compared with the model that does not take into account the relaxation of structure parameters (upper curve in Fig.2 Moreover, from the analysis of Fig. 2 it follows that the potential curves U(R) constructed at different θ and ϕ with the structural relaxation taken into account, mainly lie between the two curves corresponding the O( 3 P) approach in a normal line direction to a surface (θ = 0 • ), obtained in models of the free and frozen bonds. Therefore for the subsequent description of heterogeneous catalytic processes by methods of molecular dynamics it is necessary to consider not only structural relaxation of surface Al 2 O 3 , but also the angular dependencies of the calculated PES.
As a result of the calculations it was found that PES is periodical in ϕ with a period of 120 • (Fig. 3) . At the attack angle of θ = 30 • , the angular dependence has slowly expressed character (Fig. 3a) , whereas at θ = 60 • PES angular dependence becomes more essential (Fig. 3b) . For molecular dynamics studies of the processes of heterogeneous recombination of oxygen atoms via the EleyRideal mechanism [13] O
(O ad is the oxygen ad-atom on the surface S of aluminium oxide, O gas is the gas phase oxygen atom) one needs for calculate the PES, curves corresponding to the interaction of the reagents (curves 1 and 4) and products (curves 2 and 3) of reaction (1) without and with structural relaxation of the Al 2 O 3 surface, respectively as shown in Fig. 4 . The proximity of curves 2 and 3 indicates that the role of the effects of structural relaxation of the Al 2 O 3 surface in its interaction with the O 2 molecule is insignificant, whereas taking structural relaxation of the surface into account in describing the reagent interaction in process (1) crucially changes the behavior of the potential curves. The transition from the upper curve 1 to the lower curve 2 describes the process of heterogeneous recombination accounting for the structural relaxation of the Al 2 O 3 surface. We note that without the Al 2 O 3 surface relaxation, the interaction O gas + O ads does not have a barrier (curve 4), whereas, with relaxation of the surface monolayers reaction (1) displays an activation barrier (curve 1). Note that curve 1 has a deeper minimum than the lower curve 4 in Fig. 2 as compared with the minimum of curve 3 which does not account for the relaxation of the structural parameters. The calculations showed that the barrier of reaction E a can be taken as the value 0.43 eV (curve 5). The calculated PES was used for further molecular dynamics studies of reaction (1) . The probability values of atomic recombination, γ, on the Al 2 O 3 surface are calculated at different gas and surface temperatures and shown in Fig. 5 (curves 1 and 2 ). Since it is assumed that the cluster is frozen, the calculated γ values (curve 1) are substantially higher than the experimental data obtained in [14] (curves 3, 4, and 5) with a difference of up to an order of magnitude. The recombination probabilities taking into account the structural relaxation of the Al 4 O 6 cluster (curve 2) are in good agreement with the experimental data over a wide surface temperature range (from 1000 to 2000K).
CONCLUSION
Using the quasi-classical approach, heterogeneous catalytic oxygen atom recombination on an aluminum oxide surface is investigated. On the basis of quantum-mechanical calculations, the potential energy surface of the crystal is found and its characteristics, including the dependence on atom relaxation in the crystal lattice, are studied. The data obtained were used in the molecular dynamics simulation of heterogeneous oxygen atom recombination on an Al 2 O 3 surface. It was revealed that for the correct description of heterogeneous recombination of oxygen atoms on the surface of an Al 4 O 6 cluster it is necessary to use a PES, obtained that takes into account the relaxation of the top surface layers. For a surface temperature range of 1000 to 2000 K the calculated recombination probabilities were found to be in good agreement with experimental data.
